The change of impact performance with the extension of aging time on the type 17-4 PH stainless steel at service temperature (350 C) is studied in this paper, the alternation of dynamic fracture toughness and fractography of the type stainless steel for various holding time at this temperature are also researched by instrumental impact test and scanning electron microscope. All results indicate that the plastic deformation energy (E PL ), tearing energy (E TE ), absorbed-in-fracture energy (E t ) and dynamic fracture toughness (K Id ) of this type alloy are all monotonically decreased with the continuation of time at 350 C,the characteristic of the decline is the K Id fall is fast at the forepart of aging test and then descend is slowness, it says the toughness of the alloy is degraded and the degradation was mainly taken place at the early stage of aging test. The fracture mode of this alloy changes from dimple fracture into cleavage fracture and intergranular rapture with the extension of aging time. Those illuminate that the fracture toughness of this alloy has degraded with the extension of aging time at 350 C.
Introduction
The 17-4 PH (precipitation hardening) stainless steel is a martensite stainless steel containing approximately 3 mass% Cu and is strengthened by the precipitation of highly dispersed copper particles in the martensite matrix. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] This alloy is more common than any other type of precipitation hardened stainless steels and has been used for a variety of applications including oil field valve parts, chemical process equipment, aircraft fittings, fasteners, pump shafts, nuclear reactor components, and jet engine parts. After solution treatment and cooling to room temperature, 17-4 PH stainless steel exhibits a martensitic structure but does not exhibit high hardness. [1] [2] [3] [4] Aging 17-4 PH in the temperature range of 480-620 C reportedly results in precipitation hardening due to the formation of a sub-microscopic, copper-rich phase.
Type 17-4 PH martensite precipitation-hardenable stainless steel in the over H1100 condition has been used in light water reactors (LWRs) and pressurized water reactors (PWRs) for component requiring a combination of high wear and galling resistance, high strength, and good corrosion resistance. 13) Parts in the control rod drive mechanism (CRDM), valve assemblies and some shaft are often made from this material. Although type 17-4 PH (H1100) is well known to be susceptible to aging embrittlement at $400 C, its long-term embrittlement behavior at LWR operating temperature has been lacking but that is important due to the fundamentality of materials design in nuclear reactors. 13) The aim of the present work is to investigate the long-term embrittlement behavior and fracture toughness change behavior of this stainless steel at LWR operating temperature.
The steels used in the nuclear industry, like many others, have to be selected to prevent brittle fracture by means of specified fracture toughness properties. This specified value for fracture toughness is usually based on the stress intensity factor parameter, K IC or dynamic fracture toughness K Id (J Id ) which can be gained by impact test. Instrumented Charpy impact testing is widely used nowadays to evaluate dynamic fracture toughness K Id (J Id ) due to its simplicity and economy. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] So, in this paper, the dynamic fracture behaviour of 17-4 PH martensite stainless steel has been investigated using instrumented Charpy impact testing. The effect of long term isothermal aging at 350 C on the K Id values and other dynamic fracture toughness parameter is evaluated. SEM of fractographic morphology study is made on the fractured surfaces in order to analyse the mode of failure as well as fracture path.
Material and Experimental Procedures
The chemical composition of 17-4 PH stainless steel is given in Table 1 .
The initial material as delivered for manufacturing Charpy impact test specimens was sheet metal hot rolled to 20 mm in an L-T (longitudinal-transverse) orientation and subsequently cut into standard Charpy V-notch specimens (10 mm Â 10 mm Â 55 mm, notch depth 2 mm).
Heat treatment comprised two steps: (1) solution treatment for half an hour at 1040 C and then oil quench; (2) aging for 4 h at 595
Cand then air cool. The heat treated alloy was held in oven type furnace at 350 C for long time more than 10000 h and then put into the impact test. The impact tests were carried out using a Tinius Olsen impact machine. Charpy V-Notch samples were prepared in conformance with specifications in ASTM E-23. Three replicate tests were performed at each of six different aging times at 350 C, the impact energy, E 0 is 406.24 J, impact velocity is 5.47 m/s and test temperature is 14.0 C. To characterize the variation in fracture morphology with aging, typical fractography of specimens broken was carried out under JSM-5900LV scanning electron microscope (SEM).
Results and Discussion

Oscilloscope curves
The load-time (P-t) and energy-time (E-t) oscilloscope traces at different aging time were recorded and then smoothened by a minicomputer-assisted instrumented system. The P-t and E-t traces of type 17-4 PH SS at different aging time are shown in Fig. 1 .
From the above curves, a lot of useful data can be obtained, such as elastic limit load (P e ), general yield load (P gy ), maximum load (P max ), brittle fracture load (P f ), total absorbed energy (E t ,), elastic energy (E e ), crack initiation energy (E i ) and crack propagation energy (E p ). Distribution of various energies at 350 C is shown in Fig. 2 and some others useful test results are shown in Table 2 (Every data in Table 2 and Fig. 2 is the average of three data). In Fig. 2 E PL and E TE is the plastic deformation energy and tearing energy, respectively.
From the figures and table, the type of impact fracture can be categorized into three types according to Sreenivasan: 14) In type 1, when aging time above 12 months, it fails in the form of brittle fracture, which is characterized by a sudden drop-in load occurring before or at general yield load, indicated linear-elastic materials behavior. In this type fracture, P max ¼ P gy ¼ P f , the deflection corresponding to fracture and the impact energy are lowness and fracture occurs as soon as alloy is instable and no process to crack propagation.
In type 2, when aging time less than 3 months, fast fracture occurs after crack has been propagated. This type trace refers to ductile fracture, which reflected in the P-t trace is P gy < P max > P f . In this type, the deflection corresponding to fracture and the impact energy are great; the crack has been well stably propagated before specimen fracture.
In type 3, when aging time above 3months and less than 12 months, the form of the P-t trace is the transition of above two type forms, which is reflected in the P-t trace by a tail after a sudden load drop.
Dynamic fracture toughness J Id and K Id
For reliable interpretation of P-t traces from instrument test, the time to any load measurement point, t, should be greater than 3, where is the apparent period of oscillation of three-point-bent (3PB) specimen, can calculated use:
where S is the span of test base, C 0 is the velocity of sound in specimen, E is the elastic modulus, C LL is the compliance of specimen. The 3 period calculated for standard CVN steel specimen was about 100 ms, thus the interpretation of P-t The crack initiation point must be determined in order to calculate K Id . Crack initiation generally occurs at the maximum load in the case of linear elastic fracture and K Id can be calculated by applying linear-elastic fracture mechanics:
where the f ða=wÞ the geometrical amendatory factor, using the ASTM E 399 7 formula for pre-cracked 3PB specimen taking a=w ¼ 0:2, the final expression for standard CVN specimen is:
where P F is in kilonewtons (kN). It is evident in Fig. 1 that general yield occurs prior to maximum load when aging time was less of 12 months at 350 C, so linear elastic fracture mechanics can not be used to determine K Id any longer and it must use the elastic-plastic fracture mechanism. In the case of elastic-plastic fracture, it is difficult to detect when crack initiates under the dynamic loading test. There are several assumptions about the determination of initiation point; the most common one is initiation at maximum load for simplicity in analysis. Kobayashi studied dynamic fracture toughness of ASTM A533 Class 1 steel for nuclear reactor pressure vessel and indicated a value of 0.8 for the ratio of initiation to maximum load energy, 22, 23) this paper compute the J Id using this assumption also.
J Id and K Id are evaluated from the formulas proposed by Rice:
Based on a critical consideration of the expressions given in Sumpter, 25) for a specimen with the shallow crack as a=w ¼ 0:2, eq. (3a) should be replaced by
E Áa is initiation energy excluding the machine contribution and can be calculated according to Server's method 26) and according the Kobayashi assumption:
where C s is the non-dimensional specimen compliance given in Server (equal to 24.39 for a standard CVN specimen), 26) t gy is the time at general yield, V 0 ¼ 5:47 m/s and E 0 ¼ 406:24 J.
In the literature K Id has been estimated by the Charpy energy (Cv) correlation approach. The K Id values in the transition region can be converted from impact energy using the relation proposed by Roberts 27) (eq. (7a)) and Barsom According to Sumpter 29) and Sorem's results, 30) for shallow cracks (a=w ¼ 0:15{0:3), the total crack tip opening displacement (CTOD or COD) at initiation, i , is given as the sum of the elastic and plastic parts:
where the K is calculated using eq. (2b), with P ¼ P i at t i , ys is replaced by yd . yd is the dynamic yield strength, can be calculated from P GY using the following relation for a standard CVN specimen by Server: K Id ðÞ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi
The influence of aging time on dynamic fracture toughness and its' curve fitting according energy are shown in Fig. 3 . It is clear that there exists a transition from ductile to brittle by increasing aging time only. The K Id -t trace and J Id -t trace were fitted by first order exponential decay well, the fitting equation as follow: From Fig. 4 , it is evident that Charpy correlation K Id Values (K Id ðCvÞ) are less than K Id calculated by energy (K Id ðJÞ) and by COD (K Id ðCODÞ), and the K Id ðJÞ is the biggest than others. Though the K Id values estimated by various procedures have some difference, the trend is coincident that is decreases with extension of the aging time, which indicated the materials had been embrittled with prolonging of aging time. Figure 5 is the relation of J Id = yd with COD by standard Charpy V-notch impact tests. It is clear that the relation of the values of J Id = yd with corresponding COD is linearity, the equation is:
According to Lautridou's result:
where M is the material plastic deformation constant and has relationship with materials, specimen geometry, impact tests and so on. In this test condition for 17-4 PH ss, the M is 2.4052.
The Percentage of Shear Fracture estimate
The Percentage of Shear Fracture (PSF) is a very important material parameter in safety design of the materials in nuclear reactors. From it, the transition from ductile to brittle can be discovered evidently. But it cannot be easy to get it by the optical microscope and electrical scanning microscopy. In European Structural Integrity Society (ESIS) TC5 Draft 3, it recommends some empirical equations to estimate the PSF in instrument impact test by P-t trace:
The PSF values in the transition region can also be converted from P-t trace of Charpy V-notch instrument impact test using the relation introduction by Wu XY:
The results of calculation by using eqs. (15)- (17) are shown in Fig. 6 . It is distinct that there occurs a transition from ductile to brittle of 17-4 PH SS with the aging carried through at 350 C, which is corresponding to the relationship of fracture toughness with aging time at 350 C. And it is obvious that the eq. (17) cannot tally with the relationship, but other equations are coincident with that well, especially in using eq. (16) for the estimation of PSF, which is according to Wu XY's result. 
Fractography
The aged specimens macroscopical fractography with various conditions of aging time at 350 C of 17-4 PH SS are shown in Fig. 7 .
The fractography of no aging at 350 C (Fig. 7a) is the typical fibrous fracture feature, and has relative tall tear ridge, which is the typical character of ductile fracture. When specimen has aged for 3 mouths, the surface of CVN impact fracture is the mixture of the fibrous and crystallographic fracture feature; and it is the transition from ductile fracture to brittle fracture. The fractography of aging at 350 C for 15 months ($11000 h) is typical roughly crystallographic fracture feature, and the surface of fracture is plain and has no clear tear ridge. The fracture feature is the brittlement fracture.
Scanning electron micrographs (SEM) shown in Figs. 8-10 support the observations made from measurement of energy absorbed during impact as a function of aging time. The figures display the change of fracture feature with aging time. From Figs. 8-10 , the surface of fracture has gradually changed from the plenty of large dimple with an absence of cleavage facets (Figs. 8a, 9a , and 10a) to the vast majority presence of cleavage facets and some intergranular fracture (Figs. 8f, 9f, and 10f) , which indicated that there has been taken place the transition from ductile fracture to brittle fracture according to above conclusions especially to the relationship of CVN impact absorb energy with aging time. And the fracture surface also revealed some secondary cracks (Figs. 8d, 8f , 9e etc.) reminiscent of locally brittle failure.
It is found that close correspondence exists between P-t oscilloscope traces and fracture morphology, thus, P-t traces can be used to analyze the fracture process of 17-4 PH SS with different aging conditions. The P-t traces at aged 15 months ($11000 h) at 350 C show no deviation from linearity, correspondingly, the sample mainly show quasicleavage feature in spite of minor plasticity at the crack tip, indicating linear elastic fracture. When aged time is 6-12 months ($4000{9000 h) at 350 C, fast fracture is suppressed after some propagation, thus crack extension zone is made up of radiated zone corresponding to brittle fracture, and fibrous zone corresponding to fast fracture arrest. When aged time is less than 6 months ($4000 h) at 350 C, the resistance to plastic deformation decreases, it needs less stress for the formation of shear lip, so shear lip forms in advance and a narrow equiaxial dimple zone is observed near instant fracture zone in the samples. Additional energy may be consumed during the formation of normal shear lip; there is a small peak in the latter part of the curves.
Conclusions
Extensive standard Charpy V-notch impact test and fractography of aged 17-4 PH SS specimens carried out by Fig. 7 The macroscopical fractography of 17-4 PH SS at various aging conditions. (Fig. a,b,c 
